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Xom (also known as Xvent-2) is a homeobox-containing gene expressed throughout the early gastrula of the Xenopus embryo
ith the exception of the organizer. Activation of Xom is an immediate-early response to BMP signaling, and overexpression
f Xom, like overexpression of BMP family members, causes ventralization of the embryo. In this paper we first show that
om is a transcriptional repressor and we then define its preferred DNA-binding site. Overexpression of wild-type Xom and
dominant-negative form suggests that Xom functions by repressing transcription of goosecoid, and analysis of the
oosecoid promoter reveals a site which is required for Xom-mediated repression of goosecoid promoter reporter constructs.
ogether, these results suggest that Xom causes down-regulation of goosecoid in a direct fashion and that this accounts, ateast in part, for the ability of Xom to cause ventralization of the Xenopus embryo. © 1999 Academic Press
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Signaling by members of the BMP family is involved in
specifying epidermal fate and in patterning the mesoderm
during early Xenopus development. Thus, overexpression of
BMP-4 causes dorsal mesoderm to adopt ventral fates and it
promotes epidermal differentiation at the expense of neural
structures (Dale et al., 1992; Jones et al., 1992; Sasai et al.,
1995; Schmidt et al., 1995; Wilson and Hemmati-Brivanlou,
1995). In contrast, inhibition of BMP signaling causes
ventral mesoderm to adopt dorsal fates and induces ventral
ectoderm to form neural tissue rather than epidermis (Graff
et al., 1994; Hawley et al., 1995; Maeno et al., 1994; Sasai et
l., 1995; Schmidt et al., 1995; Steinbeisser et al., 1995;
uzuki et al., 1994; Wilson and Hemmati-Brivanlou, 1995).
he expression patterns of members of the BMP family are
onsistent with their proposed roles. In particular, during
astrula stages BMP-4 is expressed in ventral and lateral
egions of the marginal zone and in the animal pole region,
nd transcripts are absent in the organizer and prospective
eural plate (Fainsod et al., 1995; Hemmati-Brivanlou and
homsen, 1995).
The effects of members of the BMP family are exerted not
uring cleavage stages but during gastrulation. For example,
recocious expression of BMP-4 does not affect the initial
xpression of dorsally expressed genes such as goosecoid
nd Xnot, but causes them to be down-regulated thereafter
Jones et al., 1996). This suggests that the effects of BMP
d
f
442amily members are elicited through the induction of zy-
otically expressed target genes, of which the homeobox-
ontaining genes Xom (which is identical or closely related
o Xvent-2, Xvent-2B, Xbr-1, and Vox) (Ladher et al., 1996;
nichtchouk et al., 1996; Papalopulu and Kintner, 1996;
astegar et al., 1999; Schmidt et al., 1996), Xvent-1 (which
s identical or closely related to PV.1 and Xvent-1B) (Ault et
l., 1996; Gawantka et al., 1995; Rastegar et al., 1999), and
msx-1 (Maeda et al., 1997; Suzuki et al., 1997) are strong
andidates. For example, the expression pattern of Xom
esembles that of BMP-4 (Fainsod et al., 1995; Hemmati-
rivanlou and Thomsen, 1995), BMP-4 induces ectopic
xpression of Xom in an immediate-early fashion (Ladher et
l., 1996), and inhibition of BMP signaling inhibits expres-
ion of Xom (Ladher et al., 1996; Onichtchouk et al., 1996).
urthermore, misexpression of Xom, like misexpression of
MP-4 (Dale et al., 1992; Jones et al., 1992), causes ventral-
zation of Xenopus embryos and a loss of anterior structures
Ladher et al., 1996; Onichtchouk et al., 1996; Rastegar et
l., 1999; Schmidt et al., 1996). Together these experiments
uggest that Xom, at least in part, mediates the ventralizing
ffects of BMP-4.
In this paper we study the function of Xom in an effort to
nderstand how it causes ventralization of Xenopus em-
ryos. We first demonstrate that Xom behaves as a powerful
epressor of transcription, suggesting that it functions by
own-regulating the expression of genes that are required
or dorsal development. Next, as a first step toward the
0012-1606/99 $30.00
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443Xom DNA-Binding Specificity and Embryological Functionidentification of such genes, we have determined the DNA-
binding specificity of Xom. Xom contains an unusual ho-
meodomain, one feature of which is a threonine at position
47 rather than the more common valine or isoleucine
(Ladher et al., 1996). This substitution is likely to affect the
DNA-binding specificity of Xom as well as that of Xvent-1,
which shares 73% identity with Xom in the homeodomain
(including a threonine at position 47) but is not related
outside this region. Xvent-1 has recently been shown to
repress expression of the dorsally expressed gene XFD-19
(Dirksen and Jamrich, 1992; Kno¨chel et al., 1992; Ruiz i
Altaba and Jessell, 1992) in a direct manner, and the
sequences to which Xvent-1 binds in the XFD-19 promoter
have been determined (Friedle et al., 1998). Nothing is
known, however, about targets of Xom and whether there
are differences between Xom and Xvent-1 in this respect.
To address this issue, we have used an in vitro procedure
(Pollock and Treisman, 1990) to determine the preferred
Xom-binding site and then confirmed that Xom can bind
this site in vivo. Overexpression both of wild-type Xom and
of a dominant-negative version suggests that Xom func-
tions by repressing transcription of goosecoid, a homeobox
gene expressed in the dorsal marginal zone that is capable of
mimicking, to some extent, the activity of Spemann’s
organizer (Blumberg et al., 1991; Cho et al., 1991; Niehrs et
al., 1993; Steinbeisser et al., 1993). Analysis of the goose-
coid promoter (Watabe et al., 1995) reveals a site within the
activin/BVg1 response element which is required for Xom-
mediated repression of goosecoid reporter constructs. To-
gether, these results suggest that Xom causes down-
regulation of goosecoid in a direct fashion and that this
ccounts, at least in part, for the ability of Xom to causes
entralization of the Xenopus embryo.
MATERIALS AND METHODS
Xenopus Embryos, Microinjection, Dissections, and
Luciferase Assays
Xenopus embryos were obtained by in vitro fertilization (Smith
and Slack, 1983). They were maintained in 10% normal amphibian
medium (NAM; Slack, 1984) and staged according to Nieuwkoop
and Faber (1975). Injections of RNA, DNA, or fluorescein–lysine–
dextran were carried out in 75% NAM containing 4% Ficoll and
embryos were transferred to 10% NAM before gastrulation.
For luciferase assays, both blastomeres of Xenopus embryos at
he two-cell stage were injected with 10 nl of effector RNA, firefly
uciferase reporter DNA, and reference DNA (pRL-TK or pRL-
V40, Promega). Animal pole regions were dissected at stage 8.5
nto 75% NAM and cultured for 3.5 h. For each experimental
roup, two replicas of 10 animal pole explants were lysed in 33 ml
passive lysis buffer (Promega, dual luciferase system) and centri-
fuged for 5 min at 4°C. Luciferase activity (firefly or Renilla) in the
supernatant was determined according to the manufacturer’s in-
structions (Promega) and results were quantified using a luminom-
eter.
t
H
Copyright © 1999 by Academic Press. All rightRNA Synthesis and RNA Expression Constructs
Synthetic capped RNA was transcribed in vitro as described
(Smith, 1993). RNA was synthesized from the constructs described
below; full details are available on request. RNAs were used for
injection into Xenopus embryos or as a template for synthesis of in
vitro translated protein which was then used for binding site
selection or gel mobility shift assays. RNA was translated in vitro
using the rabbit reticulocyte system (Promega) and
[35S]methionine-labeled protein products were analyzed by poly-
acrylamide gel electrophoresis.
Xom–HA.pSP64T and XomL213P–HA.pSP64T were made by in-
erting a BamHI/EcoRV fragment comprising the entire open
eading frame of Xom or XomL213P into pSP64T-HA, a vector based
n pSP64T (Kreig and Melton, 1984) which also contained two
opies of the hemagglutinin (HA) epitope followed by an in-frame
top codon. An EcoRV site was introduced at the 39 end of the Xom
pen reading frame using the Chameleon site-directed mutagenesis
it (Stratagene) to eliminate the stop codon and allow in-frame
loning with the HA epitope. XomL213P carries a point mutation in
which a leucine at amino acid 213 (amino acid 40 of the homeodo-
main) is mutated to proline. Mutagenesis was carried out using the
Chameleon double stranded site-directed mutagenesis kit (Strat-
agene).
XomVP16.pCS21 consists of the entire open reading frame of Xom
fused to a module containing two minimal VP16 activation domains
(amino acids 423–454) (kind gift of J. Brickman; see Latinkic and
Smith, 1999). The whole was cloned into pCS21. The Gal4/Xom
usion constructs G4.Xom(1–327).pCS21, G4.Xom(235–327).pCS21,
nd G4.Xom(1–173).pCS21 were constructed following triple ligation
f the following DNA fragments: BglII/EcoRI-digested Gal4 (compris-
ng amino acids 1–147) derived from the vector pBXG1, EcoRI/XbaI-
igested Xom (comprising amino acids 1–327, 1–173, or 235–327), and
amHI/XbaI-digested pCS21. Xom fragments used in this ligation
ere derived by PCR and cloned into pBXG1. G4.pCS21 was made by
igating BglII/XbaI-digested Gal4 (comprising amino acids 1–147) and
amHI/XbaI-digested CS21. Mouse activin bA is as described (Albano
t al., 1993). The b-globin expression construct pT7A90globin was a
gift of R. Treisman.
Transient Transfections in Cell Culture and
Western Blots
COS cells were transiently transfected by lipofection with vari-
able amounts of effector DNA, 100 ng of firefly luciferase reporter
construct, 100 ng of reference plasmid pRL-TK (Promega), and
variable amounts of pcDNA3 (Invitrogen) to a total of 800–1000 ng
DNA. Each experiment was carried out in duplicate. Cells were
harvested approximately 48 h after transfection and Renilla and
firefly luciferase activities were determined according to the manu-
facturer’s instructions (dual luciferase kit, Promega). For Western
blots, cells were transiently transfected with 1 mg of effector DNA
and harvested as described (Sambrook et al., 1989). Western blots
were carried out according to Tada et al. (1997) using anti-Myc
monoclonal antibody 9E10.
DNA Constructs
XomVP16 and XomL213PVP16 effector DNAs for transient trans-
ections were cloned into the Myc/His-pcDNA3 vector (Invitrogen)
o create XomVP16–Myc/His.pcDNA3 and XomL213PVP16–Myc/
is.pcDNA3. XomVP16–Myc/His.pcDNA3 was also used as a
s of reproduction in any form reserved.
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phoretic mobility shift assay (EMSA). The reporter construct
G5p.luc (a gift of J. Brickman) contains five copies of the Gal4
7-mer binding site cloned upstream of the SV40 enhancer/
romoter in GL3p.luc (which for our purposes is referred to as
0p.luc). The reporter construct A5.E4.luc contains five copies of a
consensus Xom binding sequence (CTAGGTCGGGTGCTAATT-
GAGTCATTAGGGATACG; see Results) inserted upstream of the
E4 minimal promoter in G0E4.luc (which for our purposes is
eferred to as A0.E4.luc). The 2300gsc.luc reporter construct (kind
ift of Niall Armes) consists of 300 bp of the goosecoid promoter
Watabe et al., 1995) cloned into pGL3.Basic (Promega), driving the
xpression of firefly luciferase. 2300gsc.luc2201/2 and
300gsc.luc2145/2136 are versions of 2300gsc.luc which contain
point mutations in the indicated nucleotides (see Results). Point
mutations were inserted using the GeneEditor in vitro site-directed
mutagenesis system (Promega). pRL-TK and pRL-SV40 (Promega)
were used as internal reference plasmids in luciferase assays. Both
drive expression of a Renilla luciferase reporter gene.
Whole Mount in Situ Hybridization and
Immunocytochemistry
Whole mount in situ hybridization to Xenopus embryos using a
probe specific for goosecoid (Cho et al., 1991) was as described
(Harland, 1991) except that the substrate used in the chromogenic
reaction was Boehringer-Mannheim purple AP substrate. Immuno-
localization of fluorescein–lysine–dextran was as described (Jones
and Smith, 1998).
Binding Site Selection
Binding site selection was carried out as described (Pollock and
Treisman, 1990) using in vitro translated protein from Xom–
HA.pSP64T. DNA fragments obtained after five rounds of selection
were PCR amplified and cloned into vector MP19. The sequences
from 111 independent clones were compiled in a word processor
file (Microsoft Word, version 6.0.1) and a consensus binding site
was established by using the command “Find” to look for repeated
motifs and by manually ordering the sequences. As the motif
TAAT occurred most frequently, sequences were aligned by TAAT
motifs and then ordered firstly by the distance between two TAAT
motifs and second by the similarity of the nucleotides flanking one
TAAT motif. Whenever a clone contained more than two core
sequences, the minimum distance between any two antiparallel
sites was chosen for scoring. Sequences were also analyzed by
MEME motif discovery tool (version 2.2), a program designed to
identify frequent motifs in biopolymers (http://www.sdsc.edu/
MEME; Bailey and Elkan, 1994).
FIG. 1. Xom represses transcription in Xenopus embryos. (A) Repre
luciferase assays. Effector RNAs include the Gal4-binding domain
represent amino acids) of Xom. HD, homeodomain. Reporter co
experiment. Both blastomeres of Xenopus embryos at the two-cell
DNA, and reference plasmid (pRL-SV40). Animal pole regions were
for determination of luciferase activity. (C) The indicated reporte
RNAs into Xenopus embryos as described in (B). Luciferase activity in ea
oinjected with G5p.luc (5100% activation) and is expressed, when thr
Copyright © 1999 by Academic Press. All rightEMSA
All proteins used in EMSA were prepared by in vitro translation
rom synthetic capped RNA, as described above. Alternatively, in
itro translated protein was produced from DNA using the TNT in
itro translation kit (Promega). Binding reactions contained 1 ml of
in vitro translated protein, 13 buffer, 1–2 mg Bluescript plasmid
digested with AluI (Boehringer), 50,000–100,000 cpm probe, and,
when indicated, a 100-fold excess of unlabeled specific or nonspe-
cific oligonucleotide, in a total volume of 12 ml. The 13 buffer was
either (i) 100 mM KCl, 0.2 mM EDTA, 0.2 mM EGTA, 20%
glycerol, 50 mg/ml BSA, 0.4 mM phenylmethylsulfonyl fluoride
(PMSF), 4 mg/ml aprotinin, 20 mM Hepes, pH 7.9; or (ii) 50 mM
KCl, 1 mM EDTA, 10% glycerol, 100 mg/ml BSA, 0.4 mM PMSF, 4
mg/ml aprotinin, 1 mM DTT, 20 mM Hepes, pH 7.9. Complexes
were allowed to form at room temperature for 10–15 min before
adding probe and 15–20 min after addition of probe. For antibody
shift analyses, 1 mg of monoclonal anti-HA antibody (Boehringer),
12CA5, or anti-Myc antibody, 9E10, was added to the reactions and
incubation was continued for an additional 10–15 min. Complexes
in Fig. 3 were resolved on 4.5–5% polyacrylamide gels and those in
Fig. 4B on 3% polyacrylamide gels. Oligonucleotides used in EMSA
were annealed for 10 min at 70°C and cooled slowly to room
temperature; they were then labeled by 39 filling with [32P]dCTP
3,000 Ci/mmol) using the Klenow fragment (Promega). The top
trands of probes A–I are shown below and summarized in Fig. 3A
TAAT/ATTA core motifs are underlined; nucleotide substitutions
re bold):
A, CTAGGTCGGGTGCTAATTGAGTCATTAGGGATACG;
B, CTAGGTCGGGTGCTACTTGAGTCGTTAGGGATACG;
C, CTAGGTCGGGTGCTACTTGAGTCATTAGGGATACG;
D, CTAGGTCGGGTGCTAATTGAGTCGTTAGGGATACG;
E, CTAGGTCGGGTGATAATTCAGTCATTAGGGATACG;
F, CTAGGAGTCGGGTGCTAATTTCATTAGGGATACAG;
G, CTAGGATCGGGTGCTAATTGGTCATTAGGGATACG;
H, CTAGGTCGGGTGCTAATTGANGTCATTAGGGATAG;
and
I, CTAGGTGGGTGCTAATTGANNNGTCATTAGGGATG.
RESULTS
Xom Is a Repressor of Transcription
Our first series of experiments made use of various
Gal4–Xom fusion proteins (Fig. 1A) to ask whether Xom
behaves as an activator or a repressor of transcription. RNA
encoding the different Gal4 fusions was injected into both
blastomeres of Xenopus embryos at the two-cell stage along
ith reporter and reference DNA. Reporter DNA comprised
ation of the effector RNAs and reporter constructs used in Xenopus
e (G4) or Gal4 fused to different portions (as indicated; numbers
cts are as indicated. (B) Design of the Xenopus luciferase assay
were injected with 10 nl effector RNA, firefly luciferase reporter
ected at blastula stage 8.5 and cultured for 3.5 h before harvesting
structs were coinjected with reference plasmid and the indicatedsent
alon
nstru
stage
diss
r con
ch experiment was normalized to the activity of 0.5 ng Gal4 RNA
ee or more experiments were carried out (n), as mean 6 SD.
s of reproduction in any form reserved.
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446 Trindade, Tada, and Smithfive copies of the Gal4 17-mer binding site cloned upstream
of the SV40 minimal promoter driving expression of firefly
luciferase (Fig. 1A). In control experiments a similar con-
struct was injected which lacked Gal4-binding sites. In the
reference plasmid pRL-SV40, the SV40 minimal promoter
drives expression of Renilla luciferase. After injection,
embryos were allowed to develop to stage 8.5, when animal
caps were dissected and assayed for firefly and Renilla
luciferase activities after 3.5 h of culture (Fig. 1B). Full-
length and deleted versions of Gal4–Xom all decreased
basal levels of luciferase activity in a Gal4 binding site-
dependent manner (Fig. 1C).
These experiments show that Xom behaves as a repressor
of transcription, with repression function localized to both
the C-terminal and the N-terminal regions of the molecule.
Interestingly, the repression activity of Xom appears to be
context dependent, because little or no repression is ob-
served following transient transfection of COS cells (data
not shown).
Identification of a Xom Consensus Binding
Sequence
Xom contains an unusual homeodomain, one feature of
which is a threonine at position 47 rather than the more
common valine or isoleucine (Ladher et al., 1996). This
substitution is likely to affect the DNA-binding specificity
of Xom (Dear et al., 1993; Wilson et al., 1996), and to
ddress this question we used an HA-tagged version of Xom
Xom–HA) in a PCR-based binding site selection procedure
Pollock and Treisman, 1990). This revealed a TAAT/ATTA
otif in all but 1 of 111 sequences analyzed (Fig. 2), a motif
hich corresponds to the consensus core binding sequence
or the majority of homeodomain-containing proteins
Gehring et al., 1994). In 82% of cases, the sequences
ontained two or more core sequences, usually in antipar-
llel orientation (75% of all sequences). The core sequences
ere usually separated by six or seven nucleotides (30 and
5%, respectively, of the sequences with antiparallel cores).
consensus binding sequence was thus established which
ontains two antiparallel core motifs separated by six
ucleotides: CTAATT(AG) (GCA) (GC) (TC) (GAC)AT-
AN. We note that the first TAAT motif is frequently
anked 59 by C and 39 by T.
A computer-based analysis of the same 111 sequences
see Materials and Methods) did not identify two antiparal-
el core motifs, but yielded three sequences containing a
AAT core. In order of frequency of appearance these were
(CG)TAATTA, A(CT)TAATT(GA)GT, and (AG)AGC-
GA)ATAATC(GA). These results are consistent with the
anual analysis and in particular they emphasize the
resence of a C 59 and a T 39 of the core TAAT motif.
A set of oligonucleotides containing mutated and nonmu-
ated combinations of the consensus binding sequence (Fig.
A) was tested in EMSA. Analysis was carried out in the
resence of anti-HA antibody, which stabilizes binding of
om–HA to its consensus site in EMSA gels (compare Fig.
s
p
Copyright © 1999 by Academic Press. All rightB, lanes 5 and 6, and Fig. 3C, lanes 1 and 2). We note,
owever, that binding of XomVP16 can be detected in the
bsence of antibody (see Fig. 4B, lane 5).
Xom–HA formed a specific complex with probe A, which
orresponds to an independent clone sequenced from the
nal pool of oligonucleotides obtained from the binding site
election procedure (Fig. 3B, lane 6, arrow). Binding was
bolished by a 100-fold excess of unlabeled oligonucleotide,
ut not by a similar excess of oligonucleotide B, in which
oth core motifs are mutated (Fig. 3B, lanes 7 and 8). Further
vidence for specificity comes from the observation that
omL213P–HA, in which the leucine at position 40 of the
homeodomain is replaced by a proline, does not bind probe
A (Fig. 3B, lanes 9 and 10); such a mutation interferes with
homeodomain conformation and thereby prevents DNA
binding (Le Roux et al., 1993; Mead et al., 1996). Together,
these results confirm that Xom binds its consensus se-
quence in vitro.
The requirement of the integrity of the core sequences, of
the nucleotides flanking the first core sequence, and of the
spacing between the two core sequences for Xom binding
was addressed by use of probes B to I (Fig. 3A). Mutation of
both core sequences (probe B, Fig. 3C, lane 3) or of the first
core sequence (probe C, Fig. 3C, lane 4) abolishes binding.
Mutating just the second core motif does not prevent
binding although it does substantially reduce the intensity
of the specific complex (probe D, Fig. 3C, lane 5). This
mutation retains the TAAT core motif which, in the
binding site selection procedure was preferentially flanked
59 by C and 39 by T and (A/G), and indeed mutation of the
59 C to A and the most 39 G to C prevents binding (probe E,
Fig. 3C, lane 6).
The above observations indicate that the critical nucleo-
tides determining the specificity of Xom binding consist of
the first core TAAT flanked by a 59 C and a 39 T and (A/G)
nd that this motif is sufficient for Xom binding (probe D,
ig. 3C, lane 5). The binding site selection procedure,
owever, yielded a consensus sequence which comprised
wo antiparallel TAAT motifs separated by six or seven
ucleotides. To investigate the requirement for such a
pacing we made use of probes F–I. As predicted from the
esults of the binding site selection, optimum binding is
btained with a spacing of six or seven nucleotides (probes
and H, Fig. 3D, lanes 1 and 4), and binding is greatly
educed with spacings of five (probe G) or nine (probe I)
ucleotides (Fig. 3D, lanes 3 and 5, respectively). No bind-
ng was observed with probe F, where the core motifs are
eparated by three nucleotides, but this is likely to be due to
he presence of a T two positions 39 of the core TAAT rather
han the preferred G or A.
Together, these results show that the sequence CTA-
TTG is critical for Xom binding, but that binding is
reatly enhanced by the presence of an ATTA motif six or
even nucleotides 39 of the core TAAT. This DNA binding
reference is analyzed in more detail in the Discussion.
s of reproduction in any form reserved.
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Interaction with Xom Consensus Binding Sequence
To confirm that Xom can bind its consensus site in
vivo, we designed a construct in which the Xom open
reading frame is fused to a module containing two VP16
activation domains followed by Myc and His tags
(XomVP16 –Myc/His; Fig. 4A). Because VP16 is a very
potent activator, we predict that this construct should
override the normal function of Xom and behave as a
transcription activator. Preliminary experiments demon-
strated that XomVP16 –Myc/His can bind probe A even in
the absence of antiserum (Fig. 4B). To demonstrate that
FIG. 2. Schematic representation of the consensus binding sequen
Treisman, 1990) performed with in vitro translated Xom protei
rientation (75% of the 111 sequences analyzed) were aligned with
nucleotide (G, A, T, or C) appeared in the same position was score
wo TAAT antiparallel motifs (30 and 25%, respectively). A consen
ore motifs separated by six nucleotides and flanked by the indicathis construct can bind the Xom consensus site in vivo, it
was transiently cotransfected into COS cells together
X
b
Copyright © 1999 by Academic Press. All rightith a reporter construct carrying five copies of the Xom
onsensus sequence (oligonucleotide A) upstream of the
4 minimal promoter. Immunocytochemical analysis
hows that XomVP16 –Myc/His is nuclear (data not
hown) and Fig. 4C shows that XomVP16 –Myc/His acti-
ates transcription in a dose-dependent and site-
ependent manner. Moreover, fusion of the VP16 activa-
ion domain to XomL213P (which does not bind the
onsensus Xom sequence; see Fig. 3B, lanes 9 and 10) does
ot result in transcription activation, even though it is
uclear (not shown) and expressed to similar levels as
omVP16 (Fig. 4C, inset). These results confirm that
erived from a PCR-based target site selection analysis (Pollock and
quences containing two (or more) TAAT motifs in antiparallel
rence to the TAAT motifs. The percentage frequency with which
these sequences, most had six or seven nucleotides separating the
binding sequence was established which contains two antiparallel
referred nucleotides.ce d
n. Se
refe
d. Ofom can interact with the consensus sequence identified
y the PCR-based binding site selection procedure.
s of reproduction in any form reserved.
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449Xom DNA-Binding Specificity and Embryological FunctionXom Modulates Expression of Goosecoid
Ectopic expression of Xom causes ventralization of the
Xenopus embryo and a loss of anterior structures (Ladher et
al., 1996; Onichtchouk et al., 1996; Rastegar et al., 1999;
chmidt et al., 1996), and our demonstration that Xom
unctions as a transcriptional repressor suggests that it
xerts its effects by down-regulating genes required for
orsal and anterior development. One likely target of Xom
s goosecoid, a homeobox-containing gene expressed in the
rganizer of Xenopus embryos—the only region of the
mbryo where Xom itself is not activated (Cho et al., 1991;
adher et al., 1996; Onichtchouk et al., 1996). Goosecoid is
hought to play a role in anterior and dorsal development
ecause misexpression of the gene in ventral cells causes
xis duplication (Cho et al., 1991; Steinbeisser et al., 1993)
nd inhibition of goosecoid function causes dorsoanterior
efects (Ferreiro et al., 1998; Latinkic and Smith, 1999;
teinbeisser et al., 1995).
Consistent with this suggestion, we find that uniform
verexpression of Xom in Xenopus embryos causes down-
egulation of goosecoid expression (Figs. 5A and 5B). A
imilar, but more extreme, down-regulation is observed in
esponse to Vox (Schmidt et al., 1996), and Xvent-2 has also
been reported to cause down-regulation of goosecoid ex-
ression (Onichtchouk et al., 1996, 1998). Additional ex-
eriments demonstrate that Xom also down-regulates
ctivin-induced expression of goosecoid in isolated animal
ole regions (data not shown).
Further experiments attempted to inhibit Xom function
by expressing a construct (XomVP16) in which Xom is fused
o a module containing two copies of the VP16 activation
omain (see Materials and Methods and Fig. 4A). We
nticipate that this construct, like that of Onichtchouk et
l. (1998), should act in a dominant-negative fashion. Our
omVP16 construct differs from that of Onichtchouk et al.
1998), however, because it contains the entire Xom open
eading frame and therefore retains all domains required for
NA or protein–protein interactions including, perhaps,
imerization (see Discussion). It should therefore be more
pecific in its effects.
Xenopus embryos at the four-cell stage were injected into
wo blastomeres with 1, 2, or 4 ng RNA encoding XomVP16
ogether with a lineage marker. All 15 embryos injected
ith 2 or 4 ng RNA showed cell-autonomous ectopic
xpression of goosecoid at stage 10.5 in both the animal
FIG. 3. Electrophoretic mobility shift assays (EMSA) define the X
ethods. (B) Probe A forms a specific complex with Xom (lanes
omplex formation is competed with a 100-fold excess of probe A
omplex formation requires the addition of anti-HA antiserum (la
omeodomain is replaced by proline, does not bind the consensus bi
nd nonspecific (ns) complexes due to components of the reticuloc
r antisera is incubated with the probe (lanes 1 and 2, respectively). fp,
ormation using probes A and F–I.
Copyright © 1999 by Academic Press. All rightole and the marginal zone. Figures 5C and 5D illustrate
wo examples of injected embryos. When left to develop,
uch embryos sometimes died at late gastrula stages, but in
ne experiment where survival was high, incomplete sec-
ndary axes were observed in 4 of 26 cases.
Xom Acts Directly on the Goosecoid Promoter
Two cis-acting growth factor-responsive elements have
been identified within 300 nucleotides of the goosecoid
transcription start site: the distal element (DE) and the
proximal element (PE). These respond, respectively, to
activin/BVg1 and to Wnt signaling (Watabe et al., 1995). To
ask whether the same promoter fragment mediates the
repressor activity of Xom we placed this region upstream of
a luciferase reporter gene, thus creating 2300gsc.luc. This
reporter construct was coinjected with different effector
RNAs, including RNA-encoding activin, into both blas-
tomeres of Xenopus embryos at the two-cell stage. Animal
pole regions were dissected at stage 8.5, and luciferase
activity was determined 3.5 h later, at the equivalent of
early gastrula stage 10–10.5.
Under our experimental conditions, activin elicited a
19-fold activation of the 2300gsc.luc reporter construct in
animal caps (mean of 13 independent experiments; data not
shown). To obtain a quantitative measure of the effects of
Xom, luciferase activities obtained in response to activin
alone were defined as 100% activation and activities ob-
tained in the presence of Xom were expressed relative to
this. Figure 6 shows that injection of RNA encoding Xom
reduces activin-induced luciferase activity driven by the
2300gsc promoter. No significant reduction in luciferase
activity is observed when RNAs encoding nonspecific pro-
teins (the Gal4 activation domain or b-globin) are injected
(Fig. 6).
Sequence analysis of the 2300gsc promoter revealed two
putative Xom-binding sites (Fig. 7A). The PE contains the
sequence CTAATGGAGTGGATTAG, which resembles
the Xom consensus sequence shown in Fig. 2 but differs in
that the nucleotide 39 of the first core TAAT is G rather
han T. The DE contains the sequence GCAATTAG
complementary strand CTAATTGC), whose flanking nu-
leotides correspond precisely to those identified by binding
ite selection and which, according to the analysis in Fig. 3
probe D), would be expected to bind Xom. There are in
ddition scattered motifs in both the PE and the DE which
NA binding site. (A) Probes used in (B–D). See also Materials and
but not with unprogrammed reticulocyte lysate (lanes 3 and 4).
7) but not with a similar molar concentration of probe B (lane 8).
5 and 6). XomL213P–HA, in which the leucine at position 40 of the
g site (lanes 9 and 10). Specific complexes are indicated by an arrow
ysate are indicated. These complexes are not present when waterom D
5–8)
(lane
nes
ndin
yte lfree probe. (C) Complex formation using probes A–E. (D) Complex
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FIG. 4. XomVP16 requires the Xom consensus sequence to acti-
vate transcription. (A) Representation of effector and reporter
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Copyright © 1999 by Academic Press. All rightcorrespond to the core homeodomain DNA-binding consen-
sus sequence TAAT (Gehring et al., 1994).
Two mutated 2300gsc.luc reporter constructs were gen-
erated. 2300gsc.luc2145/136 contains two point mutations in
the putative binding site in the PE while 2300gsc.luc2201/2
contains point mutations in the putative binding site in the
DE (Fig. 7A). Preliminary experiments demonstrated that
these constructs both show a three- to sixfold higher basal
level of luciferase activity in animal caps when compared
with the wild-type reporter construct (Fig. 7B). This sug-
gests that the mutations prevent the interaction of endog-
enous repressors, perhaps including Xom itself, with the
2300gsc constructs.
Experiments summarized in Figs. 7C and 7D show that
mutation of the Xom-binding site contained within the DE
(generating the construct 2300gsc.luc2201/2) interferes with
the ability of Xom to repress activin-induced luciferase
activity. Levels of activation varied from experiment to
experiment, but use of a t test confirmed that mutation of
nucleotides 2201 and 2202 significantly interferes with
the ability of Xom to repress activin-induced induction of
the goosecoid promoter (P , 0.05). Mutation of the putative
binding site in the PE (generating 2300gsc.luc2145/136), how-
ver, has little effect on repression of luciferase activity by
om, suggesting that this site plays no role in Xom-
ediated repression in vivo.
DNAs. XomVP16–Myc/His effector plasmid comprises the Xom
open reading frame fused to a module containing two copies of the
VP16 activation domain and Myc and His tags. XomL213PVP16–
yc/His is identical except that it contains a proline residue at
osition 40 of the homeodomain rather than a leucine. Reporter
onstructs A5.E4.luc and A0.E4.luc have five or no copies, respec-
tively, of the Xom consensus binding sequence (oligonucleotide A
in Fig. 3A). (B) Electrophoretic mobility shift assay shows that
XomVP16–Myc/His forms a complex with probe A in the absence
of antiserum (lane 5). Binding is competed with an excess of probe
A (lane 7) but not probe B (lane 8). Arrow indicates specific
complex. Asterisk indicates supershifted complex formed follow-
ing addition of 9E10 anti-Myc antibody (lane 6). Specific complexes
are not observed with water (lanes 1 and 2) or unprogrammed
reticulocyte lysate (lanes 3 and 4). (C) COS cells were transiently
transfected with the indicated amounts of effector DNA, 100 ng of
reporter construct, or 100 ng of reference plasmid (pRL-TK) to-
gether with plasmid pcDNA3 to make a total of 800–1000 ng DNA.
Two replicas of each experimental group were performed per
experiment. Cells were harvested and luciferase activities were
normalized to the activity of reporter construct alone (A5.E4.luc or
A0.E4.luc). Data are derived from at least three independent experi-
ents and are expressed as the mean fold activation 6 SD. (Inset)
estern blot from COS cells transiently transfected with 1 mg ofhe indicated input DNAs. Anti-Myc antibody 9E10 was used to
etect Myc-tagged XomVP16 and XomL213P–VP16.
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Xom Is a Transcriptional Repressor
In this study we have obtained direct evidence that Xom
behaves as a transcriptional repressor. In this respect it
resembles the related homeodomain-containing protein
Xvent-1 (Friedle et al., 1998), although Xom lacks the
so-called engrailed homology region which contains a con-
served hexapeptide thought to be involved in repression
(Goriely et al., 1996; Han and Manley, 1993; Jaynes and
O’Farrell, 1991; Jimenez et al., 1999; Mailhos et al., 1998).
Rather, we find that the repression function of Xom is
contained within both N- and C-terminal domains of the
FIG. 5. Overexpression of Xom causes down-regulation of gooseco
oosecoid expression in control embryos at early gastrula stage 10
he two-cell stage embryo with 4 ng Xom–HA RNA. Note down-r
enopus embryos at the four-cell stage embryos were coinjected w
racer. They were analyzed at early gastrula stage 10.5 by whole m
ount antibody staining to show fluorescein–dextran. (C) Veget
oosecoid in the injected side of the embryo is greatly expanded. (D
op. Ectopic expression of goosecoid occurs ventrally and laterally
xpression of goosecoid was observed in all 15 embryos injected w
uorescein–dextran lineage marker had normal goosecoid expressprotein and that the two domains are similarly active
(Fig. 1).
Copyright © 1999 by Academic Press. All rightAlthough there are no obvious repressor motifs within
Xom, we note that Xom is rich in proline residues, a
common characteristic of transcriptional repressors
(Hanna-Rose and Hansen, 1996). For example, in the
N-terminal domain of Xom amino acids 22 to 74 include 11
prolines, and 16 prolines are contained within the 93 amino
acids C-terminal of the homeodomain.
Xom DNA Binding Preferences
A consensus Xom DNA-binding site was determined
using a PCR-based approach which yielded the sequence
CTAATT(AG) (AGC) (GC) (TC) (GAC)ATTAN (Fig. 2). The
presence of TAAT motifs in this consensus sequence (bold)
pression while a XomVP16 construct causes ectopic activation. (A)
) Goosecoid expression in embryos injected in both blastomeres of
tion of goosecoid expression. (C, D) Two adjacent blastomeres of
ng of XomVP16 RNA together with fluorescein–dextran lineage
t in situ hybridization to reveal goosecoid expression and whole
ew of an injected embryo with dorsal to the top. Expression of
ntral view of another injected embryo with the animal pole to the
e marginal zone and extends into the animal pole region. Ectopic
NA encoding XomVP16. Control embryos injected only with the
nd resembled embryos shown in (A).id ex
.5. (B
egula
ith 4
oun
al vi
) Ve
in thand the frequent presence of a T positioned 39 of the first
TAAT (underlined) are consistent with predictions based on
s of reproduction in any form reserved.
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452 Trindade, Tada, and Smiththe amino acid sequence of the homeodomain (Wilson et
l., 1996). However, the strong preference for a C positioned
FIG. 6. Xom represses activin-mediated activation of the gooseco
he indicated amounts of effector RNAs and/or 50 pg of activin R
RL-TK. Animal pole regions were dissected at blastula stage (8.5) a
nd expressed as a percentage of that obtained with activin alone. Va
gure contains data which are also included in Fig. 7.9 of this first core motif (underlined) is novel, and this
ucleotide may be involved in specificity of DNA binding
n
p
ere determined in duplicate and expressed as fold activation over t
xperiment (experiment 4) are shown in (C) and a table summarizing th
Copyright © 1999 by Academic Press. All righty Xom. Strikingly, the consensus sequence contains two
ntiparallel core TAAT motifs separated by six or seven
omoter. Xenopus embryos at the two-cell stage were injected with
together with 2300gsc.luc reporter DNA and reference plasmid
ltured for 3.5 h. Luciferase activities were determined in duplicate
shown are means 6 SD; n, number of experiments performed. Thisucleotides. Palindromic binding sites of this sort have
reviously been reported for the Paired/Pax family of home-FIG. 7. Analysis of point mutations in the goosecoid promoter. Mutations in nucleotides 2145 and 2136 have little or no effect in
inhibiting repression by Xom, but an effect is observed with mutations in nucleotides 2201/2. Mutation of nucleotides 2201/2 as well as
mutation of nucleotides 2145/2136 causes an increase in basal levels of 2300gsc.luc activity. (A) Representation of the 300 nucleotides
59 of the goosecoid transcription start site. The sequences of the distal element (DE) and the proximal element (PE) (Watabe et al., 1995)
re indicated. TAAT motifs are in bold, putative Xom binding sequences are highlighted, and the positions of the point mutations
ntroduced into 2300gsc2201/2.luc and 2300gsc2145/2136.luc are shown. (B) Basal levels of wild-type (WT) 2300gsc.luc are increased by
mutation of nucleotides 2201/2 or 2145/2136. This experiment was carried out five times for 2300gsc2201/2.luc and three times for
2300gsc2145/2136.luc, in a total of seven separate experiments. Values shown are means 6 standard deviation. (C, D) Both blastomeres of
Xenopus embryos at the two-cell stage were left uninjected or injected with 50 pg activin with or without 0.5 ng Xom RNA, the indicated
eporter DNA, and reference plasmid pRL-TK. Animal pole regions were dissected at stage 8.5 and cultured for 3.5 h. Luciferase activitiesid pr
NA,hat obtained in the absence of activin. The results of a typical
e results of all the experiments is shown in (D).
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454 Trindade, Tada, and Smithodomains, but in this case only two or three nucleotides
separate the TAAT motifs (Wilson et al., 1993).
Homeodomain-containing proteins such as Mix.1 and
goosecoid bind cooperatively to such sites, but we do not
know whether Xom binds its consensus site cooperatively,
either as a homodimer or as a heterodimer. Dimerization of
Xom would be consistent with the observation that it
interacts more strongly in vitro with a probe containing two
palindromic TAAT motifs than with a probe containing
just one motif and that the spacing between core motifs
affects binding (Fig. 3). A single motif with the appropriate
flanking nucleotides is, however, sufficient for Xom DNA
binding, and indeed a computer-based analysis of the bind-
ing site selection data did not reveal a requirement for
palindromic TAAT cores.
If Xom were to form dimers independent of DNA binding,
this would be consistent with the observation that the sizes
of the complexes formed with probe A (which contains two
TAAT motifs) are similar to those obtained with probe D
(which contains just one intact TAAT motif).
Efficient detection of Xom/DNA complexes in electro-
phoretic mobility shift assays requires coincubation with
antiserum. The role of the antibody in these experiments is
unclear, but we note that antibody is not essential for the
detection of Xom/DNA complexes (Fig. 4B) and that
XomVP16 requires an intact Xom consensus sequence to
activate transcription in cell culture (Fig. 4C).
The Xom consensus sequence differs from that of the
related protein Xvent-1, even though this protein shares
with Xom all residues thought to be directly or indirectly
involved with recognition of the TAAT motif (see Wilson et
al., 1996). Thus, the most common sequence isolated by
binding site selection using the Xvent-1 homeodomain was
CTATTTG (Friedle et al., 1998). Interestingly, this se-
quence resembles that of the first Xom core motif in that it
has identical flanking nucleotides, but the core TAAT is
replaced by TATT.
Xom Regulates Expression of Goosecoid
Xom functions as a transcriptional repressor, and an
understanding of the effects of Xom requires the identifica-
tion of its target genes. One likely target is goosecoid.
Misexpression of Xom causes down-regulation of goosecoid
xpression, and inhibition of Xom function, using a
omVP16 construct, causes ectopic expression of goosecoid
Fig. 5 and Onichtchouk et al., 1998). It is noteworthy that
he expression patterns of Xom and goosecoid at the early
gastrula stage are mutually exclusive (Cho et al., 1991;
Ladher et al., 1996) suggesting that Xom and goosecoid each
efine the boundary of expression of the other (Onicht-
houk et al., 1996).
The effect of Xom on goosecoid expression may be direct.
he DE of the goosecoid promoter, which responds to
ctivin/BVg1 signaling (Watabe et al., 1995), contains the
equence GCAATTAG (complementary strand CTAAT-
GC), which corresponds to the 59 TAAT motif isolated by
X
L
Copyright © 1999 by Academic Press. All rightinding site selection (Fig. 2). Furthermore, the integrity of
his site is required for suppression by Xom of reporter gene
xpression driven by the goosecoid promoter (Fig. 7).
The importance of the GCAATTAG motif in the goose-
oid promoter is emphasized by the observation that mu-
ations in the core sequence cause an increase of basal
eporter gene activity levels in Xenopus embryos. This
uggests that there are endogenous factors, possibly home-
domain proteins, that down-regulate goosecoid expres-
ion. Interestingly, a similar increase in basal reporter
ctivity was also observed with a mutation in the PE. This
s unlikely to involve Xom, raising the possibility that other
omeodomain-containing proteins are also involved in
oosecoid repression.
The Roles of Xom and Goosecoid in BMP-Induced
Ventralization
Our results, together with those of others, are consistent
with the idea that Xom mediates at least some of the effects
f the BMP family in causing ventralization of the Xenopus
mbryo and that the effects of Xom are mediated, at least in
art, by repression of goosecoid expression. A direct link
etween BMP signaling and expression of Xom comes from
the observations that activation of Xom is an immediate-
early response to BMP-4 and activin (which like BMP-4 is a
member of the TGF-b family) and that expression of the
losely related Xvent-2B is also induced by BMP-2/4 in the
resence of cycloheximide (Ladher et al., 1996; Rastegar et
l., 1999). It is also of interest that BMP-4, like Xom,
ntagonizes activin-mediated activation of the goosecoid
romoter through the DE (Candia et al., 1997).
Although overexpression of Xom (Xvent-2) can rescue the
orsalized phenotype caused by inhibition of BMP signaling
Onichtchouk et al., 1996), it is unlikely that all the effects
f the BMP family are mediated by Xom. One reason for
hinking this is that in our hands the ventralizing effects of
om are mild compared with those of BMP-4 (Dale et al.,
992; Jones et al., 1992; Ladher et al., 1996; M. Tada and
. C. Smith, data not shown).
Some of the effects of BMP signaling are likely to be
ediated by Xvent-1, although Xvent-1B is not directly
ctivated by BMP signaling and indeed its expression re-
uires Xvent-2 function (Rastegar et al., 1999). As discussed
bove, the binding preference of Xvent-1 differs from that of
om, and Xvent-1-binding sites are not present in the
300gsc promoter construct. Thus Xvent-1 is unlikely
irectly to regulate expression of goosecoid and, in contrast
o Xom and goosecoid, the expression domains of Xvent-1
nd goosecoid do not abut (Onichtchouk et al., 1996). One
irect action of Xvent-1 is the repression of XFD-19 (Friedle
t al., 1998).
Another gene which mediates the effects of BMP signal-
ng is Xmsx-1 which, like Xom, is regulated by BMP
ignaling and which exerts some ventralizing effects in the
enopus embryo (Maeda et al., 1997; Suzuki et al., 1997).
ittle is known about target genes of Xmsx-1.
s of reproduction in any form reserved.
455Xom DNA-Binding Specificity and Embryological FunctionMisexpression of Xom causes loss of dorsal and anterior
structures, and the direct repression of goosecoid expres-
sion by Xom (Fig. 5) might be the sole cause of this
phenotype; inhibition of goosecoid function in Xenopus
causes dorsoanterior defects (Ferreiro et al., 1998; Latinkic
and Smith, 1999; Steinbeisser et al., 1995). It remains
possible, however, that other genes are repressed directly by
Xom, and it will be of some interest in the future to identify
them.
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